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AMELI0RATI0N OF AMNESIA IN ALZHEIMER'S DISEASE CAUSED BY DEPOSITION OF 

AMYLOID 0 PROTEIN 



This application is a continuation of United 
States application Serial No. 08/127,904 filed 29 
September 1993. 

FIELD OF THE INVENTION 
This invention relates to amelioration of amnesia 
in Alzheimer disease (AD) caused by deposition of 
amyloid 6 protein (A6) and, therefore, to attenuation 
of the disease process and consequential improvement 
of the quality of life for individuals suffering from 
AD. More particularly the invention relates to 
prevention of deterioration of memory and quality of 
life in AD patients by administration of the peptides 
Asp Phe Phe Val Gly (SEQ ID NO: 1), Gin Phe Val Gly 
(SEQ ID NO: 2), and Ala lie Phe Thr (SEQ ID NO: 3) or 
amides or esters thereof. , Administration of these 
substances to human individuals with AD can enhance 
memory and attenuate progression of the disease, in 
this way improving the quality of life. 

DEFINITIONS 



The following abbreviations are used: 



AB = 




amyloid B protein 


FAAT 




f ootshock active avoidance training 


ICV 




intracerebroventricular 


Ala 




alanine 


Cys 




cysteine 


Asp 




aspartic acid 


Glu 




glutamic acid 


Phe 




phenylalanine 


Gly 




glycine 


His 




histidine 


He 




isoleucine 
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Lys 


= 


lysine 


Leu 


= 


leucine 


Met 




methionine 


Asn 




asparagine 


Pro 




proline 


Gin 




glutamine 


Arg 




arginine 


Ser 




serine 


Thr 




threonine 


Val 




valine 


Trp 




tryptophan 



Tyr = tyrosine 



BACKGROUND OF THE INVENTION 
Much data suggests that in Alzheimer disease (AD) 
there may be genetically and/or environmentally 
induced defects in the enzymatic machinery involved 
in degradation of amyloid precursor protein (APP) 
(for reviews, see refs. 1 and 2). Alternative 
splicing of mRNAs gives rise to at least five forms 
of APP, two of which possess a Kunitz-type protease 
inhibitory domain. Normal lysosomal processing of 
APPs involves highly coordinated sequences of 
desulfation, dephosphorylation, deglycosylation, and 
proteolytic splitting- The APPs may belong to a 
family of polypeptide precursors or polyproteins that 
upon processing give rise to a number of different 
bioactive peptides that may act individually or in 
concert to regulate cellular activation (3-5) . The 
processing of the parent molecules and/or the 
extracellular secretion of the resulting subunits may 
vary with species, tissue, age, hormonal status, 
extent of phosphorylation (6), etc. Although the 
APPs may be cell-surface receptors (7, 8), some of 
the peptidic fragments derived from them may be 
ligands (9) for specific membrane sites. 
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To some extent in normal aging and to greater 
extent in AD and in adult Down syndrome, abnormal 
processing of APP gives rise to an insoluble 
self -aggregating 42-amino acid polypeptide designated 
as amyloid 6 protein (AS) that is found in amyloid 
(10-14). The extent of A6 deposition correlates with 
the degree of neuronal damage, cognitive impairment, 
and memory loss (15-18) . Amyloid-like fibrils arise 
readily in vitro under physiological conditions even 
from the following smaller peptides homologous to 
AB: B-(l-28) (N-terminus residues 1 to 28), 
[Gln 11 ]B-(l-28) , B-(12-18), and B- (18-28) (19-21). 
Extensive stacks of B-pleated sheets are formed from 
the latter peptide (21) . Functional deficits arise 
in AD from damage to nerve circuitry per se , which is 
known to occur in late phases of the disease 
(22, 23). It also is possible that binding of AB and 
related peptides to components of the extracellular 
matrix (e.g., proteoglycans (24)) or to receptors on 
endothelial, glial, or neuronal cells in particular 
brain regions could have disruptive effects on 
neuronal communications at earlier stages of the 
disease when the deposits of these substances are 
diffused and typical cytopathological evidence of AD 
often is absent. 

It has been demonstrated (25) that AB and, 
perhaps, smaller peptidic fragments thereof that are 
responsible for binding of AB to cell membranes or 
components of the extracellular matrix may have 
amnestic effects upon appropriate administration to 
experimental animals. Hence, soluble peptides or 
structurally mimetic nonpeptidic substances can be 
devised to antagonize the binding of the AB and thus 
alleviate some of the symptoms of AD not caused b 
actual physical destruction of neural circuitry. 
Progression may also be attenuated by such substances. 
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SUMMARY OF THE INVENTION 
This invention involves the discovery that three 
peptides, Asp Phe Phe Val Gly (SEQ ID NO: 1), Gin Phe 
Val Gly (SEQ ID NO: 2), and Ala He Phe Thr (SEQ ID 
NO: 3), overcoxae the amnestic effects of B-(12-28), a 
peptide homologous to AB that is as potently amnestic 
as A3 (25) and which shows amyloid- like aggregation 
similarly to AB (19-21) . No other substances are 
known which serve this purpose. 

DETAILED DESCRIPTION OF THE INVENTION 
Screening of various peptides which neither are 
significantly amnestic nor memory-enhancing in 
memory- testing paradigms in mice resulted in the 
discovery of three peptides that blocked the amnestic 
effects of B-(12-28), a peptide homologous to AB. 
Administration of the peptides (SEQ ID NO: 1, SEQ ID 
NO: 2, SEQ ID NO: 3) or their esters or amides 
orally , subcutaneously , intravenously , 
transcutaneous ly , intrathecal ly , subl ingual ly , 
rectally f or intracisternally leads to an 
amelioration of symptoms in Alzheimer disease by 
decreasing deposition of amyloid in the brain. 

This discovery facilitates the development of 
substances that can antagonize binding of AB to 
neural structure and thus attenuate symptoms and 
progression of Alzheimer disease. Similarity in 
brain function in various mammals, including human 
beings, and previous neurological experience, 
indicates that the three peptides discovered to block 
the amnestic effects of B-(12-28) and derivatives and 
variants including esters and amides thereof will be 
effective therapeutic substances in human beings with 
Alzheimer disease. In no known instance have such 
substances been proposed for this purpose. 
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DESCRIPTION OF THE FIGURES 
Figure 1 depicts an antagonism by Asp Phe Phe Val 
Gly (SEQ ID NO: 1) of amnestic effect of B- (12-28) 
when administered before or after 6- (12-28) to groups 
of 15 mice each. SAL = physiological saline 
(sterile) . 

EXEMPLIFICATION OF THE INVENTION 
Materials and Methods 
Test Animals . After one week in the laboratory, 
CD-I male mice obtained from Charles River Breeding 
Laboratories were caged individually 24-28 hours 
prior to training and remained singly housed until 
retention was tested one week later. Animal rooms 
were on a 12-hour light/dark cycle with lights going 
on at the hour of 0600. Median body weight was 35 g, 
with a range of 33-38 g. Mice were assigned randomly 
to groups of ten in the experiments reported in Table 

1, groups of 14 in the experiments reported in Table 

2, and groups of 15 in Figure 1 and were trained and 
tested between the hours of 0700 and 1500. 

Peptides Tested . The peptides used in these 
studies were synthesized and analyzed to establish 
purity by standard methods at the Beckroan Research 
Institute. 

Peptides were dissolved in 8% vol/vol dimethyl 
sulfoxide and diluted to a final concentration of 
0.001% dimethyl sulfoxide in saline. Upon testing 
for retention of FAAT after receiving post-training 
ICV administration of 2 pi of the above vehicle the 
mean numbers of trials to criterion ± standard error 
of the mean (SEM for well trained mice and weakly 
trained mice were 6.85±0.2 0 and 9.07±0.25, 
respectively (see the paragraph below for definition 
of the two training paradigms) . 

The experiments below tested whether or not there 
were amnestic or memory -enhancing effects at 6 nmol 
of peptide per mouse. 
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Apparatus, training and Testing Procedures . The 
T-maze used for footshock active avoidance training 
(FAAT) consisted of a black plastic alley (46 cm 
long) with a start box at one end and two goal boxes 
(17.5 cm long) at the other. The start box was 
separated from the alley be a plastic guillotine door 
that prevented movement down the alley until training 
began. The alley was 12.5 cm deep and 9.8 cm wide. 
An electrifiable stainless steel rod floor ran 
throughout the maze. 

Mice were not permitted to explore the maze 
before training. A block of training trials began 
when a mouse was placed in the start box. The 
guillotine door was raised and a muffled 
doorbell-type buzzer sounded simultaneously; 
footshock was 5 seconds later through a scrambled 
grid floor shocker (Colbourn Instruments, Model 
E13-08) . The goal box first entered during the first 
set of trials was designated as "incorrect", and 
footshock was continued until the mouse entered the 
other goal box, which in all subsequent trials was 
designated "correct" for the particular mouse. At 
the end of each group of trials, the mouse was 
removed to its home cage. 

As training proceeded, a mouse made one of two 
types of responses. A response latency longer than 5 
seconds was classed as an escape from the footshock. 
A response latency less than or equal to 5 seconds 
was considered an avoidance, since the mouse avoided 
receiving a footshock. Two exclusion criteria were 
applied to reduce learning variability among mice, as 
follows. On the first training trials, mice with 
escape latencies greater than 20 seconds were 
discarded. Mice not having at least one errorless 
escape latency between 1.5 and 3.5 seconds on 
training trials 3 or 4 were excluded. The total 
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exclusions were fewer than 15%. Mice received five 
such training trials, one week after training and 
post-trial administration of vehicle alone or vehicle 
containing test substance, T-maze training was 
resumed until each mouse made five avoidance 
responses in six consecutive training trials (trials 
to criterion) . The recall score was taken to be the 
percentage of tested mice remembering original 
training. 

Well-trained animals (recall score approximately 
80%) were used to determine whether or not 
administered substances could cause amnesia. In 
these instances, training was performed under 
conditions that tend to maximize learning (sound 
intensity, 65 decibels; footshock current, 0.35 mA; 
intertrial interval, 45 seconds) . In the cases in 
which it was desired to detect whether or not there 
was an enhancing effect on memory, training 
conditions were adjusted so that the initial recall 
score in vehicle controls was only approximately 20% 
(sound intensity, 55 decibels; footshock current, 
0.30 mA; intertrial interval, 30 seconds). 

Surgical Procedure in Preparation for 
Intracerebroventricular (ICV) Administration of 
Substances . ICV injection was the mode of 
administration of test substances because this 
eliminates problems of differential penetration of 
the blood -brain barrier. The following procedure was 
performed 24-48 hours prior to training. A single 
hole was drilled through the skull over the third 
ventricle (-0.5 mm relative to bregma, 0.5 mm right 
of central suture) while the mouse, appropriately 
anesthetized with methoxyf lurane, was held in a 
stereotaxic instrument. The third ventricle was 
chosen as site of ICV drug injection because only a 
single injection is required and the drug quickly 
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reaches limbic system structures, believed to be 
associated with memorial processes. Immediately 
after training, mice were anesthetized with 
enflurane, a short acting anesthetic, and given an 
ICV injection of 2 /il ot vehicle alone or test 
substance in vehicle delivered over a 30-second 
period through a 31-gauge needle attached to a 10-/*1 
syringe; the injection was given within 2-3 minutes 
after the training. Accuracy of injection was 
determined to be greater than 95% by due injection, 
monitored regularly. 

Statistical Treatment of Data . All of the 
results are expressed in terms of the mean and 
standard errors of the mean (SEM) . Significance of 
overall effects of treatment was determined by 
one-way analysis of variance (ANOVA) run on trials to 
criterion. Dunnett's t-test was used to make 
multiple comparison of individual test groups with 
control groups. See Bruning, J.E., et al., in 
Computational Handbook of Statistics , 2d ed. , Scott, 
Foreman and Co., Glenview, pp. 18-30, 122-124, 
128-130 (1977) . Statistical comparison among 
experimental groups were made by Bukey's t-test. See 
Winer, B. J. , Statistical Principles in 
Experimentation Design , 2d ed., McGraw-Hill, New 
York, pp. 196-210, 397-402 (1971). 

RESULTS 

Three non-amnestic peptides block the amnestic 
effects of B-fl2-28), a peptide homologous to 5/A4) . 
The following peptides tested under standard 
conditions in groups of 15 mice. Each were found to 
have no significant amnestic effect in the standard 
test with well-trained mice: Phe Phe (SEQ ID NO: 4), 
Val Val (SEQ ID NO: 5), Ala Val Phe (SEQ ID NO: 6), 
Phe Val Phe (SEQ ID NO: 7), Ala Phe lie Gly (SEQ ID 
NO: 8), Ala lie Phe Thr (SEQ ID NO: 3), Gly Phe M t 
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Thr (SEQ ID NO: 9), Asn Leu lie Thr (SEQ ID NO: 10) , 
Gin Phe Val Gly (SEQ ID NO: 2), Ser Phe Phe Gly (SEQ 
ID NO: 11), Ser Phe Val Gly (SEQ ID NO: 12) , Asp Phe 
Phe Val (SEQ ID NO: 13), Asp Phe Phe Val Gly (SEQ ID 
NO: 1), Lys Leu Val Phe Phe Ala Glu (SEQ ID NO: 14), 
and Lys Leu Val Phe Phe (SEQ ID NO: 15) . Three of 
the above , SEQ ID NOS: 1, 2 and 3, blocked the 
amnestic effect of B- (12-28) (26) on retention of 
FAAT when co-administered to groups of ten mice, each 
with isomolar amounts (6 nmol) of B- (12-28) 
(Table 1) , giving the following values for trials to 
criterion ±SEM and p values for comparison with 
B-(12-28): B-(12-28) alone, 9.62±0.30; with Gin Phe 
Val Gly (SEQ ID NO: 2), 6.69±0.22, p <0.01; with Asp 
Phe Phe Val Gly (SEQ ID NO: 1), 6.80±0.38, p<0.01; 
and with Ala He Phe Thr (SEQ ID NO: 3), 6,92±0.32, 
p<0.01. 
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Table 1 



Effects of ICV co-administered non-amnestic 
peptides on amnestic effects of B- (12-28) on 
retention of FAAT using groups of ten mice 



Peptide 


Trial to 
criterion , no 
(mean ± SEM) 1 


P-value for 
comparison 
with B-(12-28) 
alone 3 


Vehicle alone 


6.8510.20 




B- (12-28) alone 


9.6210.30 2 




B- (12-28) + Ala Val Phe 


9.31±0.36 


NS 4 


B- (12-28) + Asp Phe Phe Val 


9.31±0.38 


NS 


B- (12-28) + Lys Leu Val Phe 
Phe 


9.23±0.34 


NS 


B- (12-28) + Asn Leu lie Thr 


9.1510.41 


NS 


B- (12-28) + Lys Leu Val Phe 
Phe Ala Glu 


9.0810.30 


NS 


B- (12-28) + Phe Val Phe 


8.9210.26 


NS 


B-(12-28) + Ala Phe lie Gly 


8.9210.38 


NS 


B-(12-28) + Val Val 


8.8510.42 


NS 


B-( 12-28) + Ser Phe Val Gly 


8.8510.41 


NS 


B- (12-28) + Glv Phe Met Thr 


8.8510.47 


NS 


B-(12-28) + Phe Phe 


8.6910.46- 


NS 


B-( 12-28) + Ser Phe Phe Gly 


8.0810.40 


NS 


B- (12-28) + Ala lie Phe Thr 


6.9210.32 


<0.01 


B-(12-28) + Asp Phe Phe Val 
Gly 


6.8010.38 


<0.01 


B-(12-28) + Gin Phe Val Gly 


6.6910.22 


<0.01 



1 The higher the mean the less the efficacy of a 
peptide in blocking the amnestic effect of B-(12-28) . 

2 p<o.ol for comparison with vehicle alone. 

3 P values were obtained for selected comparisons 
using Tukey's t-test after obtaining a significant F 
value by analysis of variance (ANOVA) . 

4 NS = not significant. 
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Subsequently Asp Phe Phe Val Gly (SEQ ID NO: 1) 
and £-(12-28) were given ICV separately post-training 
before or after saline (2 pi each, 60 seconds apart) 
or first Asp Phe Phe Val Gly (SEQ ID NO: 1) and then 
B-( 12-28) or first 6- (12-28) and then Asp Phe Phe Val 
Gly (SEQ ID NO: 1) (Figure 1) • Whether saline was 
given before or after 6- (12-28) did not affect the 
result, indicating that increase of total volume 
administered ICV from 2 pi to 4 m! did not matter. 
The order of administration of B- (12-28) and Asp Phe 
Phe Val Gly (SEQ ID NO: 1) did not affect the ability 
of the latter to block the amnestic effect of the 
former (Figure 1). These latter results suggest, but 
do not prove, that direct interaction of the 
counter-amnestic peptides with B-) 12-28) is not the 
reason for their protective action. Separate 
experiments with the amnesia blockers Gin Phe Val Gly 
(SEQ ID NO: 2), Asp Phe Phe Val Gly (SEQ ID NO: 1), 
and Ala lie Phe Thr (SEQ ID NO: 3) in weakly trained 
animals (Table 2) showed these substances not to have 
any memory-enhancing effects on retention of T-maze 
FAAT, indicating that amnestic effects of B-(12-28) 
were not being overcome by independent 
memory-enhancing effects of these substances. 

Table 2 

Effects of Asp Phe Phe val Gly (SEQ ID NO: 1), 
Ala lie Phe Thr (SEQ ID NO: 3) and Gin Phe Val 
Gly (SEQ ID NO: 2) on retention of T-maze FAAT 
measured in weakly trained mice (groups of 14 each) 1 



Peptide 


Trial to 
criterion, no 
fmean ± SEM) 


P-value for 
comparison 
with vehicle 


Vehicle alone 


9.07±0.25 




Asp Phe Phe Val Glv 


9.14±0.32 


NS 2 


Ala lie Phe Thr 


9.4310.30 


NS 


Gin Phe Val Gly 


9.6410.28 


NS 
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1 This paradigm is designed to measure the 
extent of enhancement , if any, over that found with 
vehicle alone (0.001% DMSO in saline). None was 
observed . 

2 NS = not significant. 

Esters and Amides of Ala He Phe Thr (SEQ ID NO: 
31 . Asp Phe Phe Val Gly (SEQ ID NO: 1) and Gin Phe 
Val Gly (SEQ ID NO: 2) as Antagonists of Amnestic 
effects of AB . The most likely additional related 
substances to synthesize and administer would be 
esters and amides of the three active peptides (SEQ 
ID NOS: 1, 2 and 3) in which the carboxyl group of 
each of them is esterified or amidated. 

The peptidic esters preferably have the 
structural formula: 

/ 

I. X — C — R 

in which X is a peptide, SEQ ID NO: 1, SEQ ID NO: 2 
or SEQ ID NO: 3 and R is a straight or branched chain 
alkyl group having one to eighteen carbon atoms, an 
aromatic group, e.g., a substituted or unsubstituted 
phenyl, napthyl or anthracyl group, a heterocyclic 
group, e.g., a pyridine or imidazale group or a 
steroidal group, e.g., pregnenolone, 
dehydroepiandosterone, progesterone or any 
biologically active steroid having an available 
hydroxy 1 group. 

The peptidic amides have the structural formula: 
O Ri 

// / 

II . X — C N 

\ 

in which X may be the same as X in Formula I and in 
which R x and R2 are the same or different alkyl, 
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aromatic, heterocyclic or steroidal group as in 
Formula I. Such substances may be more resistant to 
enzymatic attack than the parent peptides and could 
pass the blood-brain barrier more readily, whereupon 
they would be hydrolyzed to form the effective 
peptide in the brain. 
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SEQUENCE LISTING 

(1) GENERAL INFORMATION: 

(i) APPLICANT: Eugene Roberts 

(ii) TITLE OF INVENTION: Method For 

Antagonizing Amnestic 
Effects of Amyloid £ 
Protein and Improving 
the Quality of Life 
in Individuals 
With Alzheimer Disease 

(iii) NUMBER OF SEQUENCES: 15 

(iv) CORRESPONDENCE ADDRESS : 

(A) ADDRESSEE: City of Hope 

(B) STREET: 1500 East Duarte Road 

(C) CITY: Duarte 

(D) STATE: California 

(E) COUNTRY: United States of America 

(F) ZIP: 91010-0269 
(v) COMPUTER READABLE FORM: 

(A) MEDIUM TYPE: 3M Double Density 5 
1/4" diskette 

(B) COMPUTER: Wang PC 

(C) OPERATING SYSTEM: MS DOS Version 3.20 

(D) SOFTWARE: Microsoft 
(Vi) CURRENT APPLICATION DATA: 

(A) APPLICATION NUMBER: Unknown 

(B) FILING DATE: 16 September 1994 

(C) CLASSIFICATION: 
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(vii) PRIOR APPLICATION DATA: U. S. Application 

serial No. 
08/127,904; filed 
29 September 1993 

(viii) ATTORNEY/ AGENT INFORMATION: 

(A) NAME: Irons, Edward S. 

(B) REGISTRATION NUMBER: 16,541 

(C) REFERENCE/ DOCKET NUMBER: None 
(ix) TELECOMMUNICATION INFORMATION: 

(A) TELEPHONE: (202) 626-3564 or 783-6030 

(B) TELEFAX: (202) 783-6031 

(C) TELEX: None 

(2) INFORMATION FOR SEQ ID NO: 1: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 5 

(B) TYPE: Amino Acid 

(C) STRANDEDNESS: 

( D ) TOPOLOGY : Unknown 

(Xi) SEQUENCE DESCRIPTION: SEQ ID NO: 1: 

Asp Phe Phe Val Gly 
1 5 

(2) INFORMATION FOR SEQ ID NO: 2: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 4 

(B) TYPE: Amino Acid 

( C ) STRANDEDNESS : 

(D) TOPOLOGY: Unknown 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 2: 

Gin Phe Val Gly 
1 
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(2) INFORMATION FOR SEQ ID NO: 3: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 4 

(B) TYPE: Amino Acid 

(C) STRANDEDNESS: 

( D) TOPOLOGY : Unknown 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 3: 

Ala lie Phe Thr 
1 

(2) INFORMATION FOR SEQ ID NO: 4: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 2 

(B) TYPE: Amino Acid 

(C) STRANDEDNESS: 

( D) TOPOLOGY : Unknown 

(Xi) SEQUENCE DESCRIPTION: SEQ ID NO: 4: 

Phe Phe 
1 

(2) INFORMATION FOR SEQ ID NO: 5: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 2 

(B) TYPE: Amino Acid 

(C) STRANDEDNESS: 

( D) TOPOLOGY : Unknown 

(Xi) SEQUENCE DESCRIPTION: SEQ ID NO: 5: 

Val Val 
1 



i 
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(2) INFORMATION FOR SEQ ID NO: 6: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 3 

(B) TYPE: Amino Acid 

(C) STRANDEDNESS : 

(D) TOPOLOGY: Unknown 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 6: 

Ala Val Phe 
1 

(2) INFORMATION FOR SEQ ID NO: 7: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 3 

(B) TYPE: Amino Acid 

(C) STRANDEDNESS: 

(D) TOPOLOGY: Unknown 

(Xi) SEQUENCE DESCRIPTION: SEQ ID NO: 7: 

Phe Val Phe 
1 

(2) INFORMATION FOR SEQ ID NO : 8: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 4 

(B) TYPE: Amino Acid 

(C) STRANDEDNESS: 

* (D) TOPOLOGY: Unknown 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 8: 

Ala Phe lie Gly 
1 
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(2) INFORMATION FOR SEQ ID NO: 9: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 4 

(B) TYPE: Amino Acid 

(C) STRANDEDNESS : 

( D) TOPOLOGY : Unknown 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 9: 

Gly Phe Met Thr 
1 

(2) INFORMATION FOR SEQ ID NO: 10: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 4 

(B) TYPE: Amino Acid 

(C) STRANDEDNESS: 

( D ) TOPOLOGY : Unknown 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 10: 

Asn Leu lie Thr 
1 

(2) INFORMATION FOR SEQ ID NO: 11: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 4 

(B) TYPE: Amino Acid 

(C) STRANDEDNESS: 

(D) TOPOLOGY: Unknown 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 11: 

Ser Phe Phe Gly 
1 
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(2) INFORMATION FOR SEQ ID NO: 12: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 4 

(B) TYPE: Amino Acid 

(C) STRANDEDNESS: 

( D) TOPOLOGY : Unknown 

(Xi) SEQUENCE DESCRIPTION: SEQ ID NO: 12: 

Ser Phe Val Gly 
1 

(2) INFORMATION FOR SEQ ID NO: 13: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 4 

(B) TYPE: Amino Acid 

(C) STRANDEDNESS: 

( D ) TOPOLOGY : Unknown 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 13: 

Asp Phe Phe Val 
1 

(2) INFORMATION FOR SEQ ID NO: 14: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 7 

(B) TYPE: Amino Acid 

(C) STRANDEDNESS: 

( D) TOPOLOGY : Unknown 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 14: 

Lys Leu Val Phe Phe Ala Glu 
1 5 
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(2) INFORMATION FOR SEQ ID NO: 15: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 5 

(B) TYPE: Amino Acid 

(C) STRANDEDNESS: 

(D) TOPOLOGY: Unknown 

(Xi) SEQUENCE DESCRIPTION: SEQ ID NO: 15: 

Lys Leu Val Phe Phe 
1 5 
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CLAIMS: 

1. A peptide having the sequence of SEQ ID 
NO: 1, SEQ ID NO: 2 or SEQ ID NO: 3. 

2. A method for antagonizing the amnestic 
effects of amyloid 6 protein (AB) which comprises 
administering to a mammal affected with the amnestic 
effects of AB a therapeutically effective amount of a 
peptide having the sequence of SEQ ID NO: 1, SEQ ID 
NO: 2 or SEQ ID NO: 3. 

3. A method as defined by claim 2 in which said 
peptide is administered orally, subcutaneously, 
intravenously, transdermal ly r intranasally, rectally, 
intrathecally, sublingually, or intracisternally . 

4. A method as defined by claim 2 or claim 3 in 
which said mammal is a mouse. 

5. A method as defined by claim 2 or claim 3 in 
which said mammal is a human. 

6. An ester or an amide of a peptide as defined 
by claim 1. 

7 . A peptide ester having the structure 
Formula I. 

8. A peptide amide having the structure 
Formula II. 
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entirely of the pnon prot with the normal cellular 
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o,oc ,„ PrpT 86 results in a reduction in a-helix 
sion from PrP° to PrP resu ^ increase 

content from 40% in in PrP^ (2). A 

in 0-sheet content PrP residues 106- 

synthetic pepude en com P^ m * ™^ m vitro (3- 

126 is highly fibnllogenic and toxictc n for 
6). PrP 106-126 represents « ft P h Ls with 

studying PrP^-mediated ceU dea* sn« t ^ for 

PrP- *». ab - 1U ; C S U p pT exhiL a pH-dependent 
neurotoxicity (6, 7). The P e P° fl. she et to random coil 

structural V^^S^S^ 
transformation (6, S, SO- m * * to be reg ulated by the 
amyloidogenic propemtty appe^o ^ ^ tion 

hydrophobic core sequence ( AGA j^~ froin posU ion 1 13 
113 to 122 (6). The core region s ^ u ? n ^°™Xcient for a 
to 120 (AGAAAAGA) is "S^^hobicil, of this 
neurotoxic effect (i0). Red ^ g *^ t t d with a reduction 
reg ion abolished ^ 
in its aggregation and fibnl forming p P 

PrP 106-126 shares a number o fbK**^ 
with the Alzheimer s ^^X^ty and its physico- 
is a good correlation ^\f T ^J 25 --35 are similar 
chemical properties {11 1* • *P ^ pi06 _ 12 6, and have 
to the hydrophobic core K . ^^^ggregates that induce 
an important role in stabilizing the A£ aggr g 
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neurotoxicity. Amino acid iresidues J^^*^ ^ 

modulate A/3 ^^^sZTi stability (75). Impor- 
positions 39 and 40 affect tts £^ e f * t y sWlctaK , such 
Ltly, not all peptides whic .form a J sh n (J7)> 

as aggregated islet ^^ffSdJS-l factors besides 
are toxic. ™ "f"*^^ for toxicity. There is a 
secondary structure ^ ^ s ^ monstrate tha t transition 
growing body of daU *M aggregation 
metals are an isogenous tactor in* promote A£ 

and toxicity Cow* J 9 -2i). The 

aggregation into «jj£jg* copper reduction 

interaction between ^ and Cu ^ „ 

and the generation of hy^ogen v me human 

sequence specific since rat ^'"/^ wit h a lower 
. fonn in three ^ ldueS '^ t f m Sal induced aggregation 
affinity and is less susceptible to metal 

than human A0. F***i thi metals (23). 
associated with AD ^t ^erendy w ^ 

The A042 species, the ^ e l°* * metals , resulting in an 
AD, has a higher affinity for *f^f { Y of hyd rogen 
increased level of aggregauon and ^gher *e ^ 
peroxide production compared tofco* ^ ^ 
.ecies. The aggregauon of A^ couio 2J) 

• metal chelator to the aggregauon envuo 

. ie physiological ^^f.l^f^ increase the level 
ported by the ability ^SS dLease brains (24). 

rf^-W^^^i^S^ is suggested by 
r^TK^ sulfonate inhibiting 

physical behavior and activityof ^ thiss ^ enic 
Whether this property - on ,Jpi06-126 

peptides, by stu dying the effect o ^ 0 
aggregauon In this P^J ^ bited in an environment 
PrP106-126 was Tand to a lesser extent Zn> + 

depleted of ^^tJ a g^egauon. The metal binding 

amino group, His-lll, and Met-112. 



tv* a TP-RIALS AND METHODS 

Sigma or Aldrich Chermcai Ca ^ wer£ 

Peptide Synthests. ^fJJUy protocols (26) or by 
synthesized by manual Boc cherms yy Biol 

automated so ^"P^ a ^^^^ e ^^tri a Ml^l-^)"l'^'^'^" tetra " 
Crystal instrument. 2-(lH-»enzoiri ' l -hydroxy- 

benzotnazole (HOBt), ana au idues Fmoc - 

were used as acUvators ^ ^Jfiom the solid support 
synthesized peptides were cteaved ^ (EDT)/ 

by a trifluoroaceuc add 0*£V£ $ over the 
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„, ra . n mixture over the course of 90 
anhydrous HF/p-cresol (9.1) ^ ether ^ filtered 

^.All crude ^^^fni-exclusion resin to 
through 10 mL of forrned during the cleavage 

remove any scavengers and ^saUs lorm Hp LC 
procedure. Pepu^sw^^mjec^ ^ 

system equipped with a ru S emipreparative 

confirmed by RP- 

column was used. Peptide pui y ESI . MS were per- 

peptides that were usedL . fed Buj gr er Prepara- 

Metcd-Depleted and Metal-Supp^me^ J ^ 

Hon. Chelex-100-treated ^f^%^a in 50 mL of 
were prepared by suspendmg Chelex^l UU ^ ^ 

10 mM phosphate buffer and ^rwjr from ^ 

supplemented -synthetic buffers ^ we ^.^ ^ 

Chelex-100-ueated phosphate btf^^ ^ metals 
appropriate amounts of "^J^JJJ CoC l 2 , MnCl 2 , and 

dissolving 2.0 mg of- «*JgJ^ was then sonicated ; 
sulfoxide (DMSO). Th .peptide solutio & q ^ 

for 20 min in a water bad, an fibred ' » lutions wer e ,j 
filter (MiUipore). Ah J^^^hate (pH 7.4)1 to a ; 
added to aqueous buffer [10 mM F - P ffation G f 
final volume of 1 mL and a find were M sta ted. 
20 MM. Metal eoncenuauons of the buffers ^ 
Samples contained no more^an ^5% DM ^ ^ 

uons were placed in a 1 mL acryi determi ned by 

analysis. The extent WjJJ buffer blank . The 
measuring turbidity at 40C before eac h absor- 
peptide solutions were bnefly vortex _ Delay 

bance measuremen, .to suspend ^gg* portion 
Umes were calculated by exuapola § ^ 
of each aggregauon curve to ^zero^ rp were 
Cfrcutor Dichro«5m ^ s C s ^ pol arimeter at 25 °C. A 
performed on an Aviv 62DS spectropo^ from m 

0.1 cm quartz cell was ™£J°^Zl peptide in 10 mM 
to 250 nm. Samples ™«^f™^ P 
potassium phosphate buff er (pH 7^ aggrega tion 
£/ e clron Microscopy. ^^^ ^ articulate matter, and 
assays were vortexed ^^^ed copper grids 
a 5 M L aliquot was spotted ^onto carbo and the 

(ProSciTech). The gnds were ^lowea ^ 3 ^ 

fibrils negatively stained with OJ^Sr The samples were 
and then washed - ver ^ s ^ofelectron microscope- 
analyzed on a Siemens ELMTSKOr w± 

at 60 eV. a Beckman Optima model 

Analytical y^acentnfug^o^ABc^m ^ hotoelectric 
XL-AanalyticdulttacentnmgeequmP^w v ^ ^ 

absorbance optical detecuor i sy s em was 
sedunentation expenmen^. Samples 1 ^ ^ double . 
(120 AL) solutions were loaded ^ mtt> a c 2 ^ ^ 

sector filled Epon ^^f^BeSan An-60 Ti rotor, 
quartz windows and averages at time 

Data were collected at 235 nm wun ^ ^ ^ 

intervals of 30 nun andradial mterv ments were 

sedimentation equilibrium was an 
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conducted at 20 °C with rotor velocities of 40 000 and 60 000 
rpm. The partial specific volume of PrP106-126 (0.7448 
cm 3 g"" 1 ) was calculated from the amino acid composition 
(25), Solvent densities were computed using the program 
SEDNTERP (28), kindly supplied by D. Hayes (Magdalen 
College, Durham, NC), T. Laue, and J. Philo (Alliance 
Protein Laboratories, Thousand Oaks, CA). Estimates of the 
weight-average molar mass (M w ) were obtained from the 
global nonlinear least-squares best fit to sedimentation 
equilibrium data at both speeds, using the program SEDEQ1B 
(kindly supplied by A. Minton, National Institutes of Health, 
Bethesda, MD), according to 

A (r) = A(r 0 ) exp^^ 1 "^^^ 1 4- E (1) 

where A(r) is the absorbance at radius r, A(r 0 ) the absorbance 
at the reference radius ro, o the rotor angular velocity, R 
the gas constant, T the temperature, M w the weight-average 
molar mass, v the partial specific volume of the solute, p 
the solvent density, and E the baseline offset. 

High-Performance Immobilized Metal Ion Affinity Chro- 
matography. High-Performance immobilized metal ion af- 
finity chromatography (HP-IMAC) was performed by a 
modified literature method (25, 29) as previously described 
'30). HiTrap chelating Sepharose cartridges (Amersham- 
Pharmacia) were mated to a Beckmann HPLC system unit 
comprising a System Gold programmable solvent module 
(model 126), a diode array detector module (model 168), 
and a rheodyne injector. The peptide was eluted with a pH 
gradient from pH 7.3 to 4.0 using buffer A [20 mM 
potassium phosphate containing 0.5 M NaCl (pH 7.3)] and 
buffer B [20 mM potassium phosphate containing 0.5 M 
NaCl (pH 4.0)]. Peptides were freshly prepared in buffer A 
and acetoriitrile (90:10). The column was equilibrated with 
buffer A and charged with a 0.1 M solution of either CuCk, 
NiCl 2 , or ZnCl 2 in buffer A until saturation was achieved. 
The excess metal ions were removed by a single wash of 5 
mL with distilled water, and the column was re-equilibrated 
with buffer A. The peptide was eluted with a gradient of 
100% buffer A to buffer B over the course of 15 min at a 
rate of 1 mL/min. Between runs, the column was removed, 
regenerated by washing manually with copious amounts of 
distilled water, 50 mM EDTA, and distilled water, and then 
re-equilibrated in buffer A. 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 
for Analysis of Metal Concentrations. Samples were diluted 
in a 1% HN0 3 solution for analysis by ICP-MS. ICP-MS 
was performed using an Ultramass 700 instrument (Varian, 
Victoria, Australia) in peak-hopping mode with spacing at 
0.100 amu, 1 point/peak, 50 scans/replicate, 3 replicates/ 
sample, and a dwell time of 10 000 ps. The rate of plasma 
flow was 15 L/min with an auxiliary flow of 1.5 L/min. The 
RF power was 1.2 kW. The sample was introduced using a 
glass nebulizer at a flow rate of 0.88 I^min. The apparatus 
was calibrated using a 1% HNO3 solution containing Cu and 
Zn at 5, 10, 50, and 100 ppb with Y39 being the internal 
standard for all isotopes of Cu and Zn. 

Nuclear Magnetic Resonance (NMR) Spectroscopy. NMR 
samples were prepared by dissolving the lyophilized peptides 
in 500 fXL of 10 mM phosphate buffer (pH 6.9) and 50 juL 
of 2 H 2 0. The pH was adjusted with small additions of 0.5 
M Na0 2 H or 2 HC1. The metal concentrations of the samples 



Biochemistry, Vol. 40, No. 27, 2001 8075 

were increased by the addition of 0. 1 M CuCh and ZnCh- 
The 'H chemical shifts were referenced to 2,2-dimethyl-2- 
silapentane-5-sulfonate (DSS) at 0 ppm, via the chemical 
shift of the H 2 0 resonance (52). 

Spectra were recorded on a Bruker AMX-500 spectrom- 
eter. Most spectra were recorded at 298 K, with probe 
temperatures calibrated according to the method of van Geet 

(33) . Solvent suppression was achieved by pulsed field 
gradients using the WATERGATE method of Piotto et al. 

(34) . Spectra were processed using XWINNMR, version 1.3 
(Bruker), and analyzed using XEASY [version 1.3.13 (35)]. 
Sine-squared window functions, phase shifted by 60—90°, 
were applied in both dimensions prior to Fourier transforma- 
tion. 

Electron Paramagnetic Resonance (EPR) Spectroscopy. 
X-Band EPR spectra of the Cu 2+ — peptide complexes were 
obtained using a Bruker EC 106 spectrometer. Samples (25 
juL) were drawn into 100 yCL micropipets and handled as 
described by Gordon and Curtain to ensure reproducibility 
(36). The sample temperature was maintained at 1 10 K using 
a flow-through cryostat. The microwave frequency was 
measured using a Bruker EIP 548B frequency counter, and 
the magnetic field was calibrated with a sample of 1,1- 
diphenyl-2-picryl hydrazyl. 

Neurotoxicity Assay on Mouse Cerebellar Granule Neu- 
rons. The PrP knockout mice (PrP~'~) mice were obtained 
from C. Weissmann (Institut fur Molekularbiologie I, Zurich, 
Switzerland) (37). Wild-type (WT) control mice (C57BL6J 
x 129/Sv) with the same genetic background as the PrP _/ ~ 
mice were chosen. Primary cultures of cerebellar granule 
neurons were established from the PrP~ /_ and WT mice as 
described previously (6). Briefly, cerebella from postnatal 
day 4—5 (P4— 5) mice were removed, dissected free of 
meninges, and dissociated in 0.025% trypsin. Cells were then 
plated at a density of 350 000 cells/cm 2 onto 5 //g/mL poly- 
(L-lysine)-coated 48-well plates (Costar) in BME supple- 
mented with 10% FCS, 2 mM glutamine, 25 mM KC1, and 
gentamycin sulfate (100 pig/mL). Cultures were maintained 
at 37 °C in 5% C0 2 . AraC (5 pg/mL) was added on day 1. 
The MTT assay was used to assess cell survival in all the 
assays. PrP106-126, PrP106-126 scrambled, H111S, M109S, 
and Ml 12S peptides were freshly prepared as 1 mM stock 
solutions in media. On day 1, in vitro neurons were exposed 
to 80 /jM peptide in culture medium for a period of 2 days. 
Fresh peptide was then added, and cell viability was 
measured by the MTT assay after an additional 2 days. 

RESULTS 

Chelex-100 Treatment Abolishes PrP106~126 Aggrega- 
tion. To determine if metals modulated PrP 106— 126 ag- 
gregation, turbidometry was used to compare the aggregation 
of PrP106— 126 either in normal phosphate buffer or in 
phosphate buffer pretreated with Chelex-100 chelating resin. 
As seen in Figure 1A, the aggregation of PrP106— 126 was 
completely abolished in the Chelex-100-treated buffer. It was 
only after ~120 h that a small increase in the level of 
aggregation in the Chelex-100 sample was detected (Figure 
1 A). To determine which metals were altered by the Chelex- 
100 treatment, the metal concentration in the normal and 
Chelex-100 buffers was measured by inductively coupled 
plasma mass spectrometry (ICP-MS). The Chelex-100 treat- 
ment caused a 4-fold reduction in Cu 2+ concentration and a 
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Figure 1 : Analysis of peptide aggregation assessed by turbidometry 
(400 nm). (A) Aggregation of PrP106-126 in either normal (♦) 
or Chelex-100 (a) buffer. The Chelex-100-treated buffer completely 
ishes peptide aggregation. (B) Aggregation of PrP106-126 
, owing the addition of copper (■) and zinc (•) to the Chelex- 
>uffer to their original values. Data for aggregation of PrP 106- 
in normal (♦) and Chelex-100 (A) buffer are overlaid for 
comparison. Calculated lag times are given in Table 3. 

Table 1: Peptide Names, Sequences, and Abbreviations Used in 



Peptide 


Peptide sequence 


Abbreviation 


PrP106-126 


KTKMKHMAGAAAAGAWGGLG 


PrP 106-126 


PrP106-126M109S 


KTNMKHSAGAAAAGAWGGLG 


M109S 


PrP106-126 H111S 


KTNMKSMAGAAAAGAWGGLG 


HI I IS 


PrPl06-126MU2S 


KTNSKHMAGAAAAGAWGGLG 


MI12S 


PrPI06-I26 MI09S/M112S 


KTNSKHSAGAAAAGAWGGLG 


MM/SS 


PrPl06-126 HI 1 1S/M109S/M1 12S 


KTNSKSSAGAAAAGAWGGLG 


HMM/SSS 


PrP106-l26 C-terminally amidaied 


KTNKKHKAGAAAAGAWGGLG-NHj 


amidaied 


1 ^106-126 N -terminally acetylated 


AC -KTNMKHMAGAAAAGAWGGLG-NH, 


acetylated 


nd C-terminally amidaied 






.'106-126 scrambled 

1 


NGAKALKGGHGATKVMVGAAA 


scrambled 



/VI 1 iliUUtUUlU* V^ll lHUVAiuvvv. ^ ~* tr 

binding of the wild-type PrP106-126 peptide. The mutated serines 
are underlined. The n umbering is based on the human PrP gene {54). 

3-fold reduction in Zn 2+ concentration (Table 2). There was 
no significant change in Al 3 *\ Ni 2+ , or Mn 2+ levels. To 
examine the individual effect of Cu 2+ and Zn 2+ on PrP106- 
126 aggregation, a series of synthetic buffers was made by 
adding Cu 2+ or Zn 2+ , to restore the original concentrations 
in the Chelex-100-treated buffer. The metal concentrations 
in the synthetic buffers were confirmed by ICP-MS and 
corresponded very closely to their normal buffer values 
(Table 2). The aggregation profile of PrP106-126 in these 
synthetic buffers was measured (Figure IB and Table 3), 
and Cu 2+ and Zn 2+ restored aggregation to 70 and 40%, 
respectively, of the normal buffer levels. There was a small, 
but not significant, increase in the delay time (Table 3). Since 
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neither Cu 2+ nor Zn 2+ alone was able, to fully restore 
aggregation to normal buffer levels, it suggests they may 
acT cooperatively. To test this, Cu 2+ and Zn 2+ were added 
together, and this increased the aggregation plateau height 
to 80% of that of the normal buffer. The failure to restore 
the level of aggregation to 100% suggests that some 
additional factor may be removed by the Chelex-100 
treatment. To determine if there is a dose-dependent response, 
increasing concentrations of Cu 2+ or Zn 2+ were tested. A 
2-fold increase in Cu 2 + levels (1.6 ppb Cu) resulted in a 
100% aggregation plateau height (Table 3). A 5-fold increase 
in Cu 2 "*" concentration (4.0 ppb Cu) resulted in a 200% 
plateau height compared to normal buffer. Increasing Zn 2 + 
concentrations displayed a much lesser effect than Cu 2+ . 
Doubling the Zn 2+ concentration (24 ppb Zn) did not change 
the plateau height. An 8-fold increase (100 ppb Zn) was 
required to obtain a 100% plateau height (Table 3). The 
higher Zn 2+ levels also increased the delay time by 60% to 
8000 s. 

Metal Depletion Does Not Cause a Major Alteration in 
the Secondary Structure of PrP106-J26. Circular dichroism 
was used to determine if the lack of PrP106-126 aggregation 
in the Chelex-100 buffer was due to alterations in the 
secondary structure of PrP106-126. The three signature 
wavelength absorption peaks utilized to detect secondary 
structure were the 195 nm minima for random coil, the 208 
and 222 nm double minima for a-helix, and a single /J-sheet 
minimum near 225 nm (38). PrP 106- 126 was analyzed in 
both normal buffer and Chelex-100 buffer at pH 5, 6, 7.3, 
and 8. The CD spectra were overall similar in both normal 
buffer and Chelex-100-treated buffer, and the normal buffer 
spectra were consistent with previous studies (data not 
shown) (4, <5, 9, 26). In normal buffer at pH 7.3, PrP106- 
126 displayed a single minimum near 225 nm, indicating 
large /3-sheet aggregates were present (75, 39, 40). In the 
Chelex-100 buffer at pH 7.3, PrP106- 126 displayed a similar 
profile, but with a /3-sheet minimum near 218 nm. This 
minimum is expected for soluble, low-molecular weight 
/3-sheet structure (38). Therefore, the Chelex-100 treatment 
caused a significant reduction in aggregated /3-sheet content. 
-This would be consistent with the decreased level of 
aggregation of PrP106~126 in Chelex-100 buffer. 

Analysis of the PrP106-126 Oligomeric State by Trans- 
mission Electron Microscopy and Analytical Ultracentrifu- 
gation. The physical structures of the aggregated peptides 
formed during the turbidity assay were analyzed by nega- 
tively staining the aggregated peptides with uranyl acetate 
and viewed by electron microscopy. The PrP106— 126 
peptide in normal buffer formed fibrils that were consistent 
with those previously reported (4, 6). In contrast, the Chelex- 
100-treated sample was devoid of fibrils and consisted of 
amorphous aggregates. 

To compare the oligomeric states of soluble PrP 106— 126 
in the normal and the Chelex-100 buffers, sedimentation 
studies were employed in the analytical ultracentrifuge. The 
weight-average molar mass of PrP106-126 solubilized in 
normal buffer was calculated to be 1700 Da (from eq 1 in 
Materials and Methods), in agreement with the theoretical 
monomer molar mass of PrP106-126 (1912 Da). No other 
soluble oligomeric species were detected. However, a time- 
dependent reduction in optical density was observed, provid- 
ing evidence for the loss of aggregated material during the 
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Table 2: Metal Concentrations of the Buffers Used in This Study As Determined by ICP-MS° 



buffer 



normal 
Chelex-100 
0.8 ppb Cu 
12 ppb Zn 
1.8 ppb Mn 
19 ppb Al 
0.8 ppb Co 

0.8 ppb Cu and 12 ppb Zn 
1.6 ppb Cu 
24 ppb Zn 

1.6 ppb Cu and 24 ppb Zn 
4.0 ppb Cu 
100 ppb Zn 



Cu 2+ 


Zn 2+ 


Mn 2+ 


Al 2+ 


Co 2+ 


Ni 2 + 




(n = 52) 


(n = 38) 


(n = 37) 


(n = 22) 


(n = 38) 


0.71 


11.45 


1.94 


19.54 


0.16 


1.32 


0.18 


3.45 


1.51 


18.91 


0.61 


1.35 


0.81 


b 


b 


b 


0 


b 


b 


12.1 


b 


b 


L 

D 


D 


b 


b 


1.86 


b 


b 


b 


b 


b 


b 


2U.3 


D 


D 


b 


b 


b 


b 


u.oo 


D 


0.83 


12.2 


O 


D 


u 
u 


K 

u 


1.68 


b 


b 


b 


b 


b 


b 


23.6 


b 


b 


b 


b 


1.70 


23.8 


b 


b 


b 


b 


4.12 


b 


b 


b 


b 


b 


b 


99.8 


b 


b 


b 


b 



° All values are in parts per billion. Where concentrations are not given (b), they are regarded as "baseline" and resemble those found in the 
Chelex-100 buffer. 



Table 3: Turbidity Data for PrPl06-126 in Buffers of Varying 
Metal Concentrations Confirmed by ICP-MS° 



buffer 



normal 
Chelex-100 
0.8 ppb Cu 
12 ppb Zn 
. .8 ppb Mn 
19 ppb Al 
0.8 ppb Co 

0.8 ppb Cu and 12 ppb Zn 
1.6 ppb Cu 
24 ppb Zn 

1 .6 ppb Cu and 24 ppb Zn 
4.0 ppb Cu 
100 ppb Zn 



plateau height (%) 


delay time (s) 


100 


5000 


0 


na 


70 


5500 


40 


5800 


0 


na 


0 


na 


0 


na 


80 


8500 


105 


5000 


45 


8000 


150 


8000 


200 


5000 


90 


8000 



a Plateau heights are measured relative to PrP106— 126 in normal 
buffer, na, not applicable. 

course of the experiment (Figure 2). A similar phenomenon 
has previously been observed with human apolipoprotein 
OH, which has recently been demonstrated to form amyloid 
in vitro (41). In contrast, we did not detect a significant loss 
in optical density with time when samples of PrP 106— 126 
solubilized in Chelex-100- treated buffer were studied in the 
analytical ultracentrifuge (Figure 2). Furthermore, the weight- 
average molar mass of PrP 106— 126 in Chelex-100-treated 
Suffer was determined to be 1910 Da, consistent with the 
monomeric molar mass. This indicates that the metal- 
depleted environment maintains PrP106— 126 in a mono- 
meric state, in agreement with the turbidity studies (Figure 
1). 

Measuring the Level of Metal Binding of PrP 106—126 
by HP-IMAC. The above data suggest that PrP106-126 
binds metal ions, in particular Cu 2+ and Zn 2+ . To directly 
demonstrate this, a HP-IMAC procedure was used to measure 
the level of binding of PrP106-126 to Ni 2 + Cu 2+ , and Zn 2+ 
metal chelates (31). The PrP106~126 peptide was strongly 
retained on both the IDA-Zn 2+ and IDA~Cu 2+ chelates 
(Table 4). It was only at pH 4 that the peptide eluted from 
these columns, along with the metal itself. PrP106— 126 
displayed a weaker affinity for the IDA-Nr 2 " 1 " chelate and 
eluted at approximately pH 6.5. The PrP106- 126 scrambled 
sequence peptide had a high affinity for Cu 2+ , a lower affinity 
for Ni 2+ , and no affinity for Zn 2+ . This demonstrates that 
the natural affinity of histidine for Cu 2 " 1 " is present in both 



OD (235 nm) 



OD (235 nm) 




6.92 6.96 7.00 7.04 7.08 
radial position (cm) 



7.12 



Figure 2: Sedimentation profiles of PrP106-126 in the presence 
and absence of divalent metal ions. The optical density (OD) at 
235 nm is plotted as a function of radial position. The solid lines 
indicate the first 10 radial scans measured at 30 min intervals for 
PrP106-126 solubilized in 10 raM potassium phosphate (pH 7.4) 
and Chelex- 1 00-treated 10 raM potassium phosphate buffer (pH 
7.4). When identifiable, the scans are labeled with a time point of 
minutes. 

the PrP106— 126 and PrP106-126 scrambled sequence 
peptides. However, the PrP106-126 scrambled peptide 
allowed differentiation between specific and nonspecific 
binding of PrP 106- 126 to Zn 2+ since PrP 106 -126 scrambled 
did not bind Zn 2+ , indicating Zn 2+ binding is sequence 
specific. Since the PrP106-126 scrambled peptide is non- 
toxic and does not form fibrils and lacks any y3-sheet (26), 
the natural histidine— copper interaction alone is not respon- 
sible for the amyloidogenic and toxic activity of PrP106- 
126. 

Analysis of PrP106-126 Metal Interactions by NMR 
Spectroscopy. To characterize the interaction of PrP 106- 
126 with Cu 2+ and Zn 2+ at the molecular level, the effects 
of Cu 2+ and Zn 2+ on the *H NMR spectrum of PrP106- 126 
were studied. A combination of two-dimensional total 
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Table 4: Elution pH of PrPl06-126 and Mutant Analogues on 
Immobilized Iminodiacetiate -Metal Chelating Chromatography* 





IDA-Cu 2+ 


IDA-Zn 2+ 


IDA-Ni 2+ 


PrP 106- 126 


4.0 






M109S 




7.3 


6.5 


H111S 


7.3 


73 


7.3 


M112S 


4.0 


7.3 


6.5 


MM/SS 


4.0 


7.3 


6.5 


MHM/SSS 


7.3 


7.3 


7.3 


amidated 


4.0 


7.0 


7.3 


acetylated 


4.0 


7.3 


6.5 


PrP 1 06 - 1 26 scrambled 


4.0 


7.3 


7.3 



a Elution at pH 7.3 indicates no affinity, while at pH 4.0, both the 
peptide and the metal are stripped off the column, indicating high 
affinity. Intermediat e elution at pH 6.5 indicates moderate affinity. 

correlation spectroscopy and nuclear Overhauser effect 
spectroscopy was used to assign the l H resonances in the 
Chelex-100 buffer. Comparison between PrP106-126 in 
both normal and Chelex-100-treated buffer showed no 
difference in the spectra, confirming there were no changes 
in structure. The addition of either CuCl 2 or ZnCl 2 caused 
differential broadening of resonances, which allowed local- 
i >n of the metal binding site in PrP106-126. The 
p' magnetic nature of Cu 2+ affects the NMR spectra and 
\\ .ause a resonance broadening on top of any resonances 
affected by metal interactions. The addition of 0.5 molar 
equiv of Cu 2+ caused a significant broadening, to the point 
beyond detection, of the He (8.8 ppm) and H<5 (7.5 ppm) 
resonances of His-111. The addition of 1.0 molar equiv of 
Zn 2+ to the peptide flattened the He (8.8 ppm) and H<5 (7.5 
ppm) resonances of His-1 1 1 and caused a shift of a Met Hy 
and He resonance (Figure 3). As the Met- 109 and Met-1 12 
resonances overlap in the normal buffer, it was not possible 
to identify the methionine affected by the addition of Zn 2+ 
contributing to this change. However, it was obvious that a 
Met Hy peak was lost from 2.7 ppm upon Zn 2+ addition 
and that the He resonance had moved from 2.1 to 1.95 ppm. 
Therefore, His-111 and one of the methionines are directly 
affected by the binding of Zn 2+ to PrP 106— 126. No other 
amino acid residues appeared to be affected by Zn 24 *. 
Analysis of the Interaction between PrP106—126 and Cu 
?PR Spectroscopy. To overcome the limitations imposed 
v die paramagnetic nature of Cu 2+ in the NMR studies, EPR 
used to further define the interaction between Cu 2+ and 
Prjf 106-126. The EPR spectra of PrP106-126 incubated 
with 2 molar equiv of Cu 2+ in 10 mM phosphate buffer (pH 
7.3) gave a gj| of 2.17 G and a hyperfine splitting A n of 16.13 
mK (Table 5). These values correlate with a two-nitrogen, 
two-sulfur (2N2S) or a two-nitrogen, one-sulfur, one-oxygen 
(2N1S10) coordination complex (42). The NMR and EPR 
data indicate that the Met- 109 and/or Met-1 12 amino acids 
contribute the sulfur ligands for Cu 2+ binding to PrP 106- 
126. While His-1 1 1 provides one nitrogen ligand, the source 
of the other nitrogen is unclear and may come from either 
the amide backbone or the N-terminal NH 2 group. If 2N1S lO 
binding is present, the oxygen ligand may originate from a 
backbone carbonyl group or the buffer environment. 

Biophysical Properties of Methionine and Histidine Mutant 
Peptides. To establish the role of His-111, Met- 109, Met- 
1 12, and the N-terminal amino group in PrP106— 126 metal 
binding and aggregation, several mutant peptides were 
synthesized (Table 1). The histidine and methionine residues 



peptide JVu*V 
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+ 50% Cu 2+ 



peptide 
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B 



peptide 



2.2 2.0 1.61.6 

PrP1 06-126 



2.2 2.0 1.61.6 
M109S 



12 2.0 1.8 1.6 

M112S 



2.2 2.0 1.8 1.6 ppm 

acetylated 



_. _ 



.Sit. ' : 



peptide 0 ? . 
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Figure 3 : X H NMR spectrum of PrP 106 -126 and selected mutants 
in normal buffer (pH 7.3) and with the addition of 50% CuCl 2 and 
100% ZnCl 2 . (A) Aliphatic side chain region. Met-1 12-metal 
interaction peaks are marked (asterisks). (B) Amide region. 

Table 5: EPR Values of g tt and A n for PrP106-126 and Mutants 0 





*l (G) 


A„ (mK) 


coordination 


PrP 106- 126 


2.17 


16.13 


2N1S10 


M109S 


2.11 


16.25 


2NIS10 


H111S 


2.11 


16.25 


2N1S10 


M112S 


2.11 


16.25 


2N1S10 


MM/SS 


2.24 


15.55 


2N20 


MHM/SSS 


2.24 


15.55 


weak 2N20 


amidated 


2.11 


16.25 


2N1S10 


acetylated 


nd 


nd 


very weak binding 



L,UUIUUlaUUU is Uttdwi upvrii vit^ wrwo. * >• — o 

(42) for natural C u binding proteins (41). nd, not detected. 

were changed to serine, as opposed to the more commonly 
used alanine, to avoid increasing the hydrophobicity of the 
peptide which can influence its ability to aggregate (6). A 
C-terminally amidated peptide was synthesized to study the 
effects of altering the dipolar moment of the peptide. An 
N-terminally acetylated and C-terminally amidated peptide 
was synthesized to assay the potential role of the N-terminal 
NH 2 group. 

The effect of the mutations on aggregation was tested in 
normal buffer (Figure 4). The HI 1 IS mutation had the most 
dramatic effect and completely abolished aggregation. The 
M109S mutation had little effect, and the peptide aggregated 
strongly to a plateau height of 90% of that of PrP106-126 
with an increase in the delay time to 7000 s. The M112S 
mutation had a more pronounced effect than Met- 109 and 
reduced aggregation to 50% of the PrP106~126 plateau 
height. An additive effect was seen with the double- 
methionine mutant peptide, MM/SS, which reached a plateau 
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■ PrP106-126 in chelex-100 buffer 
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Figure 4: Aggregation of PrP106-126 and the mutant peptides 
in normal phosphate buffer (pH 7.3) as assessed by turbidometry: 
PrP106-126 (♦), M109S (a), H111S (x), M112S (*), MM/SS 
(•), MHM/SSS (+), amidated peptide (-), and acetylated peptide 
(-). Data for PrP106-126 in Chelex-100 buffer (■) are overlaid 
for comparison. 

height of only 30% of that of PrP106- 126. The Ml 12S and 
MM/SS peptides had longer delay times of 10 000 and 
10 500 s, respectively. The triple-mutant peptide, MHM/SSS, 
displayed no significant aggregation. Amidating the C- 
tenninus increased the delay time to 8000 s and reduced the 
aggregation plateau height to 70% of that of the wild-type 
peptide. The N-terminally acetylated peptide also had a 
longer delay time of approximately 10 000 s and only 
aggregated to 40% of the level of PrP106-126. When all 
peptides were tested in Chelex-100 buffer, no aggregation 
vas observed (data not shown). When the mutant peptides 
are compared to PrP106-126, it is evident that His-111 is 
critical for facilitating aggregation, while Met- 112 and the 
N-terminal amide group also have an important role in 
modulating the overall level of aggregation. Met- 109 had a 
smaller effect on PrP106-126 aggregation and is presumably 
less critical for metal binding and the subsequent peptide 
aggregation. 

The mutations did not alter the secondary structure of the 
peptides as measured by CD in normal buffer and Chelex- 
100 buffer at pH 7.3. All of the His and Met mutant peptides 
and the amidated peptide exhibited spectra very similar to 
those of the PrP 106 -126 peptide. The spectrum of the 
acetylated peptide in normal buffer was similar to that of 
PrP106-126. However, in Chelex-100 buffer, it exhibited a 
slight double minimum at 208 and 222 nm (data not shown). 
This represents a tendency of this peptide to adopt a helical 
configuration once the dipolar moment of the peptide has 
been altered significantly. Previous work has shown PrP 106 — 
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Figure 5: Transmission electron micrographs of PrP 106— 126 and 
the mutant peptides after negative staining with uranyl acetate. The 
scale bar is equal to 50 nm. 

126 readily becomes helical in the presence of trifluoro- 
ethanol (TFE) (26, 43). The physical structure of the mutant 
peptides formed during the turbidity assays was analyzed 
by transmission electron microscopy. All of the mutants 
formed amorphous particulate clusters, and no fibrillogenic 
species could be detected (Figure 5). Therefore, while M109S 
was able to aggregate strongly, it could not form fibrils. 

The metal binding properties of the mutant peptides for 
Ni 2+ , Cu 24 ", and Zn 2+ metal chelates was measured by HP- 
IMAC (Table 4). Only the amidated peptide bound to the 
IDA— Zn 2+ chelate, but was readily eluted at pH 7.0, 
implying a weak affinity. The other mutant peptides had no 
measurable level of binding to Zn 2+ . All the peptides that 
contained His-1 1 1 eluted at pH ~4, indicating a high-affinity 
binding to the IDA— Cu 2+ chelate due to the naturally strong 
affinity of histidine for Cu 2+ . However, PrP106-126 had 
the longest retention time on the column, suggesting it had 
the highest affinity for Cu 2+ . The H111S and MHM/SSS 
peptides showed no affinity for Cu 2+ and did not bind to 
the IDA-Cu 2+ column. All the Cu 2+ -binding peptides also 
displayed a mild affinity for Ni 2+ and eluted at pH —6.5. 

The mutant peptides were analyzed by NMR, with and 
without Cu 2+ or Zn 2+ added. The addition of 0.5 molar equiv 
of Cu 2+ caused all the His-1 11-containing peptides (M109S, 
M112S, and MM/SS) to experience His peak broadening, 
like wild-type PrP106-126. The His He and H<5 resonances 
of M109S were no longer visible. Peptide M112S showed 
the His H(5 resonance had moved from 7.6 to 7.4 ppm and 
had no visible His Hy peak. The MM/SS peptide had the 
His Hd resonance shift from 7.45 to 7.3 ppm, and the His 
He resonance was still present at 8.8 ppm. The MHM/SSS 
peptide exhibited a loss of the Lys-106 backbone chain amide 
resonance with Cu 2+ . The H111S peptide showed no further 
resonance changes in this region. Analysis of the Met Hy 
and He region (1.8-2.5 ppm) following Cu 2+ addition 
showed that only the M109S peptide was affected (Figure 
3). The overlapping Met peaks at 2.3 ppm are now smaller, 
and a new peak at 2.2 ppm had formed. No other mutant 
peptides experienced this change. The addition of Zn 2+ to 
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the His/Met mutant peptides caused no significant peak 
broadening or relocations to occur. The addition of Cu 2+ to 
the N-terminaliy acetylated peptide gave results similar to 
those for the mutant peptides with broadening of the His 
resonances. The addition of Zn 2 + did not alter the Met peaks 
and only caused a slight reduction in the signal intensity of 
the His imidazole resonance. 

EPR analysis of the mutant peptides, under the same 
conditions that were used for PrP106— 126, showed that the 
spectrum of the amidated peptide, M109S, and M112S are 
essentially identical with a g\\ of 2.11 G and a hyperfine 
splitting A\\ of 16.25 mK (Table 5). These values deviate 
from those of the wild T yype PrP106— 126 binding complex, 
yet still are evidence of maintenance of a 2N1S10 coordina- 
tion sphere about Cu 2+ . While no 2N1S10 binding region 
was identified in natural Cu binding proteins (42), it is 
feasible that such binding occurs and would have g\\ and A n 
values located midway between those for 2N2S and 2N20 
binding. However, no literature reports utilizing EPR of such 
a complex could be found to confirm that this occurs. The 
MM/SS mutant gave a spectrum markedly different from 
those of the other peptides with a g () of 2.24 G and a 
hvrjerfine splitting A\\ of 15.55 mK. This is consistent with 
J20 coordination to Cu 2+ . The H111S and MHM/SSS 
r ides gave very weak EPR spectra and required an up to 
*d increase in Cu 2+ levels to achieve the spectrum of 
the copper-bound peptide. This large excess of Cu 2+ gave a 
weak spectrum for H111S and MHM/SSS with g u and A\\ 
values of 2.1 1 G and 16.25 mK and 2.24 G and 15.55 mK, 
respectively. Theses values indicate a possible 2N1S10 
coordination for HI 1 IS and 2N20 coordination for MHM/ 
SSS. The acetylated peptide showed very weak binding to 
Cu 2+ . The NMR and EPR studies on the mutant peptides 
confirm that both His-111 and the N-terminal amino group 
are crucial for Cu 2+ binding, while Met-1 12 rather than Met- 
109 directly participates in this binding. Without His-111, 
the Cu 2+ ion may be coordinated, albeit very weakly, to the 
N-terminus as seen with the acetylated peptide. 

Mutagenesis of His-111, Met- 109, or Met-1 12 Abolishes 
PrP106—126 Neurotoxicity. Since the histidine and me- 
thionine mutations altered the metal binding and aggregation 
properties of the peptides, the effect of these mutations on 
; r neurotoxic activity was assayed on mouse cerebellar 
alar neuronal cultures from both normal and PrP w ~ mice. 
! xpected, PrP106-126 caused a 30% decrease (p < 0.05) 
in vVT neuronal survival after 4 days (Figure 6), but had not 
effect on the PrP w ~ neurons, confirming specificity for PrP- 
expressing neurons (6, 7). All the mutant peptides showed 
no significant toxicity against WT neurons. These data 
demonstrate that the metal binding residues appear to 
simultaneously modulate the ability of the peptide to form 
fibrils and be neurotoxic. 

DISCUSSION 

The main finding of this work is that the N-terminal polar 
region of the neurotoxic PrP106— 126 peptide contains a 
metal binding site for Cu 2 " 1 " and Zn 2+ which modulates 
aggregation and toxicity. The reduction in Cu 2+ levels 
following Chelex-100 treatment abolished its fibrillogenic 
propensity without causing major alterations in its secondary 
structure. In concert with the results using various mutant 
peptides, metal binding is not responsible for forming £-sheet 




Figure 6: Neurotoxicity assays of PrP106— 126 and the mutant 
peptides on primary cerebellar neurons from wild-type and PrP~'~ 
mice. Cells were treated with 80 fiM peptide for 4 days, and cell 
viability was determined by the MIT assay. Mean neurotoxicity 
values are the average of five independent experiments (n = 5) 
performed in triplicate for each treatment. Error bars represent ± 
standard deviation. Statistical significance was determined by an 
ANOVA test \p < 0.05 (#)]. 

structure in PrP106-126 (4, 6). The combination of NMR, 
EPR, and mutagenesis experiments showed that His-1 1 1 was 
crucial for copper binding, along with the N-terminal amino 
group and Met- 112. 

The aggregation profile of PrP106— 126 is consistent with 
a highly amyloidogenic peptide, similar to the A/? peptide 
of Alzheimer's disease (27, 44). Aggregation is composed 
of an initial lag phase followed by the growth phase which 
reaches a plateau beyond which no further aggregation 
occurs. The lag phase is believed to involve seed or nucleus 
formation. The seeds then form protofibrils, and these extend 
into the fibrils during the growth phase. The plateau height 
measures the overall level of aggregation. In metal-depleted 
buffer, PrP106— 126 aggregation is completely abolished, and 
only restored when copper or zinc is reintroduced. The 
transmission electron micrographs demonstrated there was 
no fibril formation in the Chelex-100 buffer. Therefore, Cu 2 + 
or Zn 2+ is necessary for proper fibril polymerization to occur. 
Cu 2+ and Zn 2+ appear to act cooperatively since simulta- 
neously restoring both metals to their normal levels results 
in an additive effect. However, the inability of Cu 2+ or Zn 2+ 
either alone or in combination to fully restore aggregation 
suggests some other, unidentified, factor has been removed 
by the Chelex-100. These studies do not clarify whether the 
role of Cu 2+ and Zn 2 " 1 " is in seed or protofibril formation. 
The data clearly indicate that in addition to the hydrophobic 
region, which is responsible for forming a yS-sheet core (6~), 
the binding of Cu or Zn is critical for aggregation. Although 
PrP106-126 could also bind Ni 2+ , albeit weakly, the Chelex- 
100 treatment abolished aggregation without altering Ni 2+ 
levels, indicating Ni 2+ is not directly involved in the 
aggregation process. 

The spectroscopic and biochemical studies on the wild- 
type and mutant peptides identified a 2N1S10 coordination 
for Cu 2+ binding, with His-1 11 as the key residue together 
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with Met-1 12 and the N-terminal amino group. Turbidometry 
data indicate Met- 109 is not important for peptide aggrega- 
tion, but the TEM and cell culture assays demonstrate Met- 
109 is a necessary residue for fibril formation and neuro- 
toxicity. The aggregation reaction is also sequence specific 
since the PrP106-126 scrambled peptide which bound Cu 2 +, 
via the natural affinity of histidine for Cu 2+ , does not form 
fibrils and is not neurotoxic. Therefore, it is the combination 
of a specific peptide sequence combined with its metal 
binding activity that leads to fibrillization and the generation 
of neurotoxic PrP106-126. 

His-1 1 1 is the key residue for metal binding and aggrega- 
tion since its replacement had the most profound effect by 
completely abolishing aggregation. The Hll IS peptide was 
unable to bind to the Cu 2 +— IDA column, and as determined 
by EPR, there was very weak Cu 2+ binding presumably via 
the N-terminal amino group. The different behavior of the 
methionine mutant peptides, M109S and M112S, indicated 
the methionine residues had distinct effects on Cu 2+ binding 
and peptide aggregation. The M109S peptide had aggregation 
properties very similar to those of PrP106-126, whereas 
M112S had a much slower and lower level of aggregation. 
Although Met-1 12 has a more prominent role in Cu 2+ binding 
than Met- 109, the finding that the MM/SS peptide aggregated 
sss than Ml 12S indicates Met- 109 also plays a role probably 
as a secondary or alternate sulfur ligand. This is consistent 
with the EPR spectra showing a 2N1S10 system. Interest- 
ingly, when Met-1 12 was not present, the EPR values 
indicate a shift toward a 2N20 system, while still remaining 
in the 2N2S boundaries of the natural Cu binding proteins 
(39). The oxygen ligands could be from the serine residue 
that has been mutated into the sequence or from the peptide 
backbone, most probably from the carbonyl group of Met- 
112. Alternatively, this could represent a 2N1S10 system 
with a water molecule bound to the metal. Peptidylglycine 
monoxygenase binds to copper in this coordination, although 
it has not been previously defined by EPR and requires 
further investigation (45). Metal binding was also modulated 
by the N-terminal amino group since acetylating the N- 
terminus caused a lower overall level of aggregation, 
presumably by disrupting binding of Cu 2+ to PrP106— 126. 

The NMR data show direct evidence for Zn 2+ binding to 
PrP106-126 but not to any of the mutant peptides. NMR 
data are consistent with Zn 2+ coordinating PrP106— 126 in 
a fashion similar to that of Cu 2+ , so a 2N1S lO binding would 
also be applicable for the PrP106-l26-Zn complex. The 
key residues identified so far, His-1 11 and Met-1 12, both 
experience identical peak loss or movement in the NMR 
spectrum, when compared to the data for the PrP 106— 126— 
Cu complex. His-1 1 1 does not have the same natural affinity 
for Zn 2+ that it does for Cu 2+ , and the overall level of binding 
to Zn 2+ by the peptide is therefore lower. The mutation of 
any one of the identified metal binding residues abolishes 
Zn 2+ binding, indicating each has a crucial role to play in 
Zn binding as opposed to that seen with the Cu 2+ experi- 
ments. 

On the basis of our experimental evidence, we have 
proposed a model for the binding of Cu 2+ to PrP 106- 129 
as shown in Figure 7A. The EPR data indicate that the 
predominant configuration about Cu 2+ is square planar with 
a 2N1S10 coordination sphere. The NMR data clearly 
show that the imidazole side chain of His-1 11 is one of 
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the ligands, while the lack of interaction between Cu 2+ and 
Ac-PrP106— 126 is evidence that the N-terminal amino group 
of the peptide is also required for metal binding. Mutagene- 
sis and aggregation data implicate the sulfur of Ml 12. 
However the NMR data are somewhat equivocal; if the sulfur 
of Ml 12 was bound to copper, it would be expected that 
the resonance due to C € H 3 of Ml 12 would be broadened 
beyond detection. The NMR data actually show that this 
resonance is shifted (marked with asterisks in Figure 4), and 
this suggests that this residue is in a different chemical 
environment but not directly bound to Cu 2+ . We have no 
direct evidence of the nature of the oxygen ligand, which 
could be solvent H 2 0, phosphate from the buffer, or a 
backbone carbonyl from the peptide. In light of the NMR 
evidence, we propose that the oxygen ligand is the carbonyl 
from Ml 12; this would explain the observed changes in the 
NMR spectrum. If the Ml 12 that is coordinated to the Cu 2+ 
is from another peptide (intermolecular coordination as 
shown in Figure 7 A) to create an oligomeric form of the 
peptide, the effect of this type of coordination may not be 
observed in the NMR as the faster relaxation of higher-order 
aggregates coupled with the paramagnetic nature of copper 
leads to a broadening of resonances. A consequence of this 
is that NMR does not observe the major product from the 
reaction. However, these types of oligomers would be 
observed by EPR which would not be influenced by the 
effect on relaxation time of higher-order polymers or 
aggregates. Line broadening of the EPR spectra due to 
Heisenberg exchange was not observed, indicating that the 
Cu 2+ centers in any polymers or aggregates were well 
separated, as indicated in panels A and B of Figure 7. The 
formation initially of metal-mediated dimers acts as a seed- 
ing event that brings the hydrophobic AGAAAAGAVV 
region of the two peptides into proximity such that they can 
stack together in a "steplike" arrangement facilitating chain 
extension and fibril formation. 

In comparison to the PrP 106— 126 metal binding site, the 
N-terminal octapeptide repeats of PrP bind up to four copper 
atoms via histidine residues and possibly glycine residues 
(46, 47). Several different models for the PrP octapeptide- 
Cu complex have been proposed. The first binding coordina- 
tion proposed incorporated a 2N20 square planar system 
(48). This peptide— copper complex was bound by the N* 
atom from the imidazole side chain in histidines of two 
adjacent repeat units and by the carbonyl groups of two 
glycine residues. Another model showed a 3N10 binding 
site which suggested binding occurs via the N* atom from 
the histidine together with two deprotonated main chain 
amide nitrogens from the triglycines (49). NMR and EPR 
studies led to a tetragonal coordination indicative of a 3N10 
coordination site (46). A four-octarepeat peptide would 
coordinate the four copper ions with nitrogens from the 
histidine imidazole group from two adjacent repeats and a 
nitrogen from the amide backbone. The final ligand, an 
oxygen molecule, is most likely from water. A two-octarepeat 
peptide would involve a similar arrangement (46). The most 
recent study, using EPR and CD spectroscopy, demonstrated 
that both the 3N10 systems (46, 49) exist in equilibrium 
(50). At pH 7.45, it was shown that the model of Miura et 
al. (49) is the major binding mode, while the model of Viles 
et al. (46) is also present and can bind Cu 2+ (50). Electron 
spin-echo envelope modulation spectra demonstrate that the 
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jure 7: (A) Hypothetical model based upon the EPR data showing a 2N1S10 coordination complex for Cu with two molecules of 
106—126. The side chains for His-11 1 and Met-1 12 are given in detail. The N- and C-terminal ends of the peptide are shown, and the 
^uence of the peptide is represented in single-letter code. (B) Schematic model showing possible PrP106-126 hydrophobic core stacking 
(cross-hatched) in both a parallel /5-sheet (i) and an antiparallel /?-sheet arrangement (ii). 



histidine imidazole nitrogen contributes a nitrogen coordina- 
tion site. Interestingly, EPR and CD studies on a truncated 
repeat unit (HGGGW) yielded spectra identical to that of a 
single full repeat sequence peptide in the 3N10 (histidine 
imadazole, glycine amide, and glycine amide) orientation 
described above (50). This would then represent a single 
binding unit and suggests that inter-repeat unit metal binding 
is not necessary and may not occur. 

A recent study of PrP106-126 also identified His-11 1 as 
a crucial residue since a histidine to alanine mutation reduced 
the extent of fibril formation (43, 57), and therefore correlates 
with the present findings. However, in contrast to our studies, 
this mutation, as well as a histidine to lysine mutation, did 
not alter the overall aggregation propensity of the peptide 
(51). Met-1 12 was also found to be important for aggregation. 



This is of potential biological relevance as the human 
PrP 109—1 22 sequence can induce sheet structure in human 
PrP104— 122 but not in the corresponding mouse peptide 
(52). It has also been shown that oxidizing the Met-1 12 sulfur 
lowers the sheet-forming tendency of PrP109-122 (52). This 
could be explained by it altering the affinity of the sulfur 
for metal ions. 

PrP106— 126 neurotoxicity on wild-type cells expressing 
PrP 0 is regulated by available copper (25). Addition of 
up to 100 juM bathocuprine sulfonate inhibits nearly 80% 
of the observable toxicity. The hydrophobic core sequence 
AGAAAAGA is required for toxicity but is not solely 
sufficient to invoke a toxic response (10). These data are in 
agreement with our own findings, i.e., that aggregation is 
modulated by the hydrophobic core and the metal bind- 



Regulation of PrP106-126 Aggregation by Metals 

ing site and this in turn is necessary for PrP 106— 126 
neurotoxicity. 

The current studies have shown that the fibrillogenic and 
neurotoxic activity of PrP 106-126 is modulated by metals 
in a manner similar to that described for the Afi peptide (19— 
22, 31). Afi can bind Cu 2+ , Fe 2+ , and Zn 2+ in vitro, each 
accelerating Afi aggregation. A/? aggregation is also inhibited 
by adding a metal chelator to the buffer (25). The interaction 
between A/3 and Cu 2+ or Fe 2+ results in redox chemistry 
due to the A/8 being a redox-active peptide that can reduce 
Cu 2+ to Cu + and Fe 3+ to Fe 2+ . In the presence of oxygen, 
this leads to hydrogen peroxide production (22). Zn 2+ binding 
to A/3 appears to be protective since it inhibits A/?-mediated 
Cu 2+ reduction and hydrogen peroxide production, simulta- 
neously protecting cells against Aj3 toxicity (53). Unlike the 
Afi peptide, PrP106- 126 cannot reduce Cu 2+ (X. Huang and 
A. I. Bush, unpublished observations), indicating this redox- 
active process is not shared by all neurotoxic amyloidogenic 
peptides. 

We have shown that PrP106~ 126, a peptide model for 
PrP Sc toxicity, interacts with metals to form neurotoxic 
amyloidogenic structures. While the PrP106-126 sequence 
does not appear to be present in PrP-associated plaques as a 

inique entity, the PrP106-126 metal binding sequence could 
Participate in metal binding in vivo and perhaps modulate 

rP TSE structure and toxicity. Therefore, testing the possible 
role of this site in full-length PrP warrants further investiga- 
tion. Since PrP106— 126 toxicity requires PrP 0 expression, 
copper binding to the peptide may promote the interaction 
between the PrP106-126 and PrP 0 . 
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